measured for photon energies of 1.0-5.0 eV. The spectra exhibit a broad absorption from 1.4 to 3.2 eV, with two local maxima around 1.7-1.8 eV and 2.1-2.5 eV, depending on cluster size. The spectra shift slowly from n ¼ 20 to n ¼ 50, but no significant change is observed for n ¼ 50-70. Quantum chemical modeling of the spectra yields several candidates for the observed absorptions, including five-and six-fold coordinated Mg 2+ with a hydrated electron in its immediate vicinity, as well as a solvent-separated Mg 2+ /e À pair. The photochemical behavior resembles that of the hydrated electron, with barrierless interconversion into the ground state following the excitation.
I. Introduction
Hydrated metal ions are a useful and well-dened model to examine fundamental chemical reactions including hydrogen production or corrosion mechanisms and to investigate the link from small metal-water complexes to bulk aqueous solutions. 18, 19, 28, 29, 41 In our previous work on this topic, 42 we investigated the photochemistry of small cluster sizes with 1 # n # 5, expanding on earlier experimental 15, 16, 18, 19, 21, 22, 28, 29 and theoretical 14, 23, 24, 43 results. In our measured photodissociation spectra, we could assign specic isomers, providing insight into the electronic structure and dissociation mechanisms, which involve water evaporation and hydrogen dissociation.
In the intermediate range of 6 # n # 16, Iwata and co-workers proclaimed a negative energy for the hydrogen elimination process for n $ 6, which explains the switching to [MgOH(H 2 O) nÀ1 ] + in the ion formation in this size region. 23 The reswitching back to [Mg(H 2 O) n ] + for larger clusters was explained through the formation of a magnesium di-cation and a hydrated electron Mg 2+ (H 2 O) n À for n > 14. 23 Berg et al. also suggested the formation of a solvent separated ion pair of Mg 2+ and a hydrated electron for n > 17. 29 Siu and Liu proposed an increase in the barrier when the solvated electron moves beyond the third solvation shell as an explanation for the switch off for the hydrogen loss process.
32 Reinhard and Niedner-Schatteburg proclaimed the formation of a hydrated electron and a magnesium di-cation already for n $ 8 and suggested the existence of a contact ion pair state for 6 # n < 17 and a solvent separated ion pair for n $ 17.
30
Here, we focus on the spectroscopy of larger [Mg(H 2 O) n ] + clusters. Hydrated magnesium ions up to n ¼ 80 in the ground electronic state were already examined by Berg et al. 28 ,29 who measured black body infrared radiative dissociation (BIRD) rates up to n ¼ 41. They let larger clusters fragment down to smaller sizes and found water evaporation as the only dissociation process for n $ 22 and water evaporation and hydrogen dissociation in the range of 16 # n # 21 whereas for n # 15, all clusters were transformed into the [ 
II. Methods
A detailed description of the experimental setup can be found in earlier works.
44-47
A Fourier Transform Ion Cyclotron Resonance Mass Spectrometer (FT-ICR-MS), equipped with a 4.7 T superconducting magnet was used to conduct the experiments. Mg + ions are generated in an ion source via laser vaporization of an isotopically enriched (99% 24 Mg) rotating target disk, using the 2 nd harmonic of Fig. S3 † for all the structures considered). The ground state structures of the clusters were optimized at the uB97XD/ def2TZVP level of theory. 62 Excited states were calculated using time-dependent density functional theory (TDDFT) with the CAM-B3LYP functional, 63 the complete active space -self consistent eld (CASSCF) method with subsequent multi-reference conguration interaction (MRCI), and the algebraic diagrammatic construction to the second order (ADC(2)) 64 method. The ADC(2) method was used for benchmarking the CAM-B3LYP calculations. The results are shown in Fig. S4 . † For the excited state calculations, the aug-cc-pVDZ basis set was used. It was shown previously that this basis is able to correctly capture the rst three excited states that are most relevant for the present study. 42 Quantitative differences for higher-lying states might be expected. Excited states up to 5 eV or to a limit of 35 excited states were considered.
[ 
III. Results and discussion
The measured photodissociation spectra for [Mg(H 2 O) n ] + , n $ 20, 30, 40, 50, 60 and 70 at 90 AE 5 K are shown in Fig. 1 . Spectra for small clusters for n ¼ 3-5 recorded at a temperature of 130 AE 20 K, which were already discussed elsewhere, 42 are shown for comparison. The spectra for n ¼ 1 and 2 show two separated peaks, corresponding to the 3s-3p x,y and 3s-3p z electronic transitions of the isolated magnesium cation that are perturbed by the inuence of the water molecules. 42 For n $ 3, these transitions are not separated any more. The spectra for n ¼ 1-3 show a signicant redshi, caused by the increasing coordination of the magnesium cation with water molecules. The spectrum for n ¼ 3 also shows the 3s-3d/4s electronic transitions at the higher energy end at about 4.5 eV. For n ¼ 4, the redshi stops, indicating that the observed isomer is still a triply coordinated magnesium cation with a fourth water molecule already in the second solvation shell. For n ¼ 5, we assume three different isomers contributing to the broad shape of the spectrum, a three-, four-and ve times coordinated magnesium cation.
In the range of n $ 6-18, magnesium hydroxide clusters
predominantly formed in the ion source. Therefore, no photodissociation spectra could be measured (see also Section 4 in the ESI †). The hydroxide formation reaction is suppressed again for n > 18.
28,29
While the photodissociation spectra change substantially with every coordinated water molecule for small clusters of n ¼ 1-5, the spectra of larger clusters are very similar in the whole n ¼ 20-70 range explored in this study, with only limited changes in the position and shape with the increasing size of the clusters. The spectrum for n $ 20 shows a broad absorption with a width of about 1.8 eV spanning from 1.4 eV to 3.2 eV, with two distinguishable bands peaking around 1.9 eV and 2.5 eV. There is also a long shallow tail on the higher energy side of the band, extending up to about 4.4 eV before vanishing in the noise level.
Compared to the spectrum for n $ 20, the higher-energy peak for n $ 30 is shied to the red by about 0.2 eV, with the redshi continuously increasing with more water molecules to about 0.4 eV for n $ 70. The lower-energy peak for n $ 30 is at about the same position as for n $ 20, and shis slightly to the blue for n $ 40 and back to the red for n > 40. For n $ 30, 40, 50 and 70 there also seems to be a third, less intense band at $3.0 eV.
To interpret the observations, we modeled the spectra with ab initio calculations, using various [Mg(H 2 O) n ] + structures, n ¼ 3-20, with a three-, four-, ve-and six-fold coordinated Mg ion (Fig. 2) . Due to the size of the system, we have to limit ourselves to a relatively small selection of structures. However, we observe clear trends in the evolution of the photodissociation spectrum as we discuss below. Consistently with previous studies, 30 we predict that the electron delocalizes with increasing coordination as can be documented e.g. for n ¼ 20 where the gyration radius increases from 1.9Å to 2.4Å for three-and six-fold coordinated Mg ions, respectively (see also Fig. 3 The calculated photoabsorption spectra in Fig. 2 show that the Mg coordination number has the most important inuence on the spectrum shape, with hydration in further solvation layers inducing only a minor shi of the absorption bands. For a three-fold coordinated magnesium, the rst absorption band composed of s-p transitions peaks at about 3.2 eV for n ¼ 3. With an increasing number of water molecules, its maximum stays within 2.8-3.4 eV and shis due to interactions in the second solvation layer. There is a distinct second absorption band that shis to a lower energy with increasing size and can be assigned to transitions of 3s-3d and 3s-4s character. For other coordination numbers of the Mg ion, we see a similar trend for the rst absorption band, with only a limited change with increasing hydration, with the shi of the maximum within 0.5 eV. The same order of the excitation energies, i.e. lower excitation energies for clusters with a higher Mg coordination number, is preserved for all cluster sizes with the exception of three-and four-fold coordinated clusters for n ¼ 20. The second absorption band localized in the 2.5-4.5 eV region shis to lower energies with increasing cluster size. At the same time, the spectral width calculated within the linearized reection principle is predicted to increase for larger clusters. With respect to the experimental spectra, the bands for six-fold coordinated Mg at $1.9 eV and $3.0 eV are less separated and the spectra are calculated to already start at 1.0 eV (compared to $1.5 eV in the experiment). This indicates that the width is overestimated by the linearized reection principle.
For the surface isomer with n ¼ 20, the absorption maximum is calculated at 2.0 eV, consistently with other clusters with a six-fold coordinated Mg ion. When the unpaired electron is shied to the second solvation layer with full hydration of the [Mg(H 2 O) 6 ] + unit, a shi of $0.4 eV to the blue is seen in the calculated spectrum. This shi is preserved in the whole n ¼ 17-20 series as we show in the ESI (Fig. S5 ). † Comparing the calculated photoabsorption spectra to the measured photodissociation spectra, we can propose two interpretations of the results. We could assign the two observed peaks in the experiment to ve-fold and six-fold coordinated magnesium ions on the cluster surface. This would indicate that the coordinated Mg ion stays on the surface of the cluster in the whole investigated size range. Alternatively, we could see the six-fold coordinated Mg ion in its two forms, i.e. with the unpaired electron in the vicinity of the Mg 2+ ion and in the second hydration layer. Still another possible interpretation of the experimental spectra would be to assign the two bands to two and one s-p transitions of the hydrated electron, respectively, similarly to clusters with n ¼ 1 and 2. A comparison of the spectrum of the largest measured cluster with the spectrum of a hydrated electron in bulk water 73 is provided in Fig. 4 photons (see Section 3 in the ESI † for detailed spectra of all the ions). The energetics of channel (I) in the experiment were analyzed through nanocalorimetry. 44 We found that the average energy carried away by a water molecule over all cluster sizes is about 0.47(3) eV (Table 1) , close to the literature value for the binding energy of a water molecule to a large ionic cluster (for n $ 40) of about 0.447(4) eV. 75 In other words, the absorbed photon energy is quantitatively used for water dissociation, indicating that dissociation takes place in the electronic ground state of the system. Following the excitation, the system thus reaches a conical intersection and dissociates water molecules aer funneling into the ground electronic state. For hydrated electrons, it was experimentally established by the Neumark group that internal conversion to the ground state takes place on a sub-ps timescale. 76 Note that this is a completely opposite behavior to the one observed for n ¼ 1-5. 42 We observe cases where more photons are absorbed than laser pulses applied during the irradiation time window, which means that several photons must be absorbed during one laser pulse. As we will discuss below, it can be expected that internal conversion takes place on the picosecond time scale. Thus, within the 5 ns of a typical laser pulse, it is possible for a cluster ion to absorb one or more photons in the electronic ground state. As the dissociation of water molecules may take place in less than 5 ns, fragment ions created Therefore, we conclude that the hydrogen dissociation reaction (II) also takes place in the ground electronic state.
To calculate the partial cross sections of H 2 O evaporation and H dissociation in Fig. 1 tion energy due to negligible geometry relaxation following the excitation. 42 For n ¼ 2 and 3, we already saw considerable relaxation with a tendency to linearize or planarize, decreasing the gap. 
IV. Conclusions
Hydrated magnesium ions [Mg(H 2 O) n ] + exhibit a broad electronic absorption spectrum from 1.4-3.2 eV, in the same range as the hydrated electron. The spectrum is, however, more structured, with two pronounced local maxima and possibly even a third one. Based on quantum chemical calculations, these maxima can be assigned to different structural motifs, in particular ve-and sixfold coordinated magnesium, or six-fold coordinated magnesium with two distinct hydration patterns. Due to the vast conformation space of these species, however, only a limited number of structures could be investigated computationally, which does not allow for a denitive assignment of the observed features. Aer excitation, the excitation energy is quantitatively used for dissociative reactions. We propose that the D 1 minimum is reached on a picosecond timescale and the system might switch to the D 0 ground state due to a low value of the D 0 /D 1 gap in the vicinity of the D 1 minimum for larger clusters. This resembles the photochemistry of the hydrated electron in (H 2 O) n À clusters.
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